Tb x Fe 73 Ga 27-x (7 at.%  x  11 at.%) ternary alloys have been obtained by cosputtering 
Introduction
Magnetic thin films exhibit a close correlation between structural and magnetic properties being possible to tailor their magnetic characteristics by means of the growth conditions. In the last years, Fe 1-x Ga x alloys have received great attention due to their unique magnetoelastic properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The magnetostriction constant ( s ) for these alloys shows two peaks for Ga contents of 18 at.% and 29 at.% [8] . The exact position of these peaks depends on the thermal history during processing being achieved higher magnetostriction values in quenched samples [8] . The largest λ s value is observed in the (100) direction also reflecting the strong correlation between structural and magnetoelastic properties in this material system. Nevertheless, Fe 1-x Ga x compounds exhibit a tendency to the (110) texture when deposited in form of thin films either by electrodeposition or vacuum techniques [11] [12] [13] [14] [15] . TbFe 2 has also been deeply studied due to its huge  s of around 4000 ppm at 10 K and 2500 ppm at room temperature [16] .
Also, it has been reported perpendicular magnetic anisotropy (PMA) in TbFe 2 and the influence of growth conditions and composition on it [17] [18] [19] . Nevertheless, its high coercivity and brittleness have reduced the interest on this material system.
Recently, it has been reported the increase of λ s in Fe-Ga alloys with a Ga content  17 at.% doped with a quantity of Tb below 1 at.% [20] [21] [22] [23] . In particular, λ s shows an increase of  250 % in (110)-textured polycrystalline alloys doped with a 0.3 at.% of Tb [23] . Besides, there have also appeared works about ternary Tb-Fe-Ga compounds where another compositional range has been explored, Tb y Fe 100-x-y Ga x thin films with y between 9 and 10 at.% and x from 13 to 16 at.% obtained by cosputtering [24] [25] . The magnetic anisotropy and the possibility to control it by means of the growth conditions have been the main goal of those studies. Although PMA has been observed for some specific compositions, the compositional range and the growth conditions analyzed so far are rather small. One of the main differences between the ternary compounds studied so far is the microstructure. When the Tb content is low (below 1 at.%), the compound exhibits a bcc structure similar to what is found in Fe-Ga alloys [20] . When the Tb content is higher, around 10 at.%, the microstructure is closer to that of TbFe 2 [24] . Nevertheless, more studies are necessary to know the microstructure and magnetic behavior in each compositional range. In addition, it is of relevance the investigation of the effect of growth conditions as already indicated by previous works [25] . Here, we present an investigation about the magnetic behavior of 3 Tb x Fe 73 Ga 27-x (7 at.%  x  11 at.%) thin films obtained by cosputtering. In comparison to previous works, we have analyzed alloys deposited at a lower distance between target and substrate and with the same type of power source (DC) in both targets. We have observed an evolution of the microstructure from two to one phase as the Tb content is increased from 7 at.% to 11 at.%. We have also studied the out-of-plane (OOP) component of the magnetization and its dependence with the structural properties.
Experimental techniques
Samples were deposited at room temperature on 5 × 4 mm 2 glass substrates. [26] . Then, the time of deposition was controlled to obtain a thickness of around 320 nm in the layers shown in this work. Mo 20 nm thick was used as buffer and capping layers for all the samples. They were grown with a DC power of 90 W. The Ar pressure was 2 × 10 -3 mbar to evaporate all the layers: buffer, capping, and ternary TbFe-Ga alloys.
We have focused our attention on the analysis of as-grown samples, i.e., we have not performed any thermal treatment previous to the analysis of the samples. The composition of the samples was analyzed by means of the Energy Dispersive X-ray Spectroscopy (EDS) in a JEOL JSM 7600F SEM microscope operated at 20 kV and 9
A. We have estimated an uncertainty of around 1 at.% in the compositional measurements. -2 x-ray diffractometry (XRD) patterns were measured in the BraggBrentano configuration. The step size of the diffraction scans (0.02) was optimized considering that the layers are polycrystalline with diffraction peaks rather wide. At room temperature, in-plane and out-of-plane hysteresis loops were carried out in a 4 vibrating sample magnetometer (VSM). In the VSM we can rotate the sample being possible to measure the in-plane loops at different angles between the applied magnetic field and the in-plane reference direction, the long side of the substrates. The same routine as in previous works was used for the field-cooled (FC) curves performed in a superconducting quantum interference device (SQUID) magnetometer [24] . Prior to measuring the temperature dependence of the magnetization, the sample was first cooled from room temperature to 5 K under a saturation field of 2 kOe and then, the FC curves were recorded with an applied magnetic field of 100 Oe during the warming-up.
Hysteresis loops at 10 K were also performed in the SQUID magnetometer. Magnetic
Force Microscopy (MFM) images were recorded by a Digital Instruments Nanoscope IIIa, using the phase detection mode, i.e., monitoring the cantilever's phase of oscillation while the magnetic tip was scanning the sample surface at a distance of 80 nm on the average (lift mode). Commercially available ferromagnetic CoCr tips were used. The MFM measurements were performed both at remanence and in-field (applying an external magnetic field lying in the plane of the film, with an intensity of 0.8 kOe) [27] [28] . In order to exclude the influence of the tip on the magnetic state of the sample, we used different scanning directions and tip to sample distances, obtaining the same results with different operating conditions.
Results and discussion
Our experimental results show that the composition of the alloys can be controlled by means of the growth power applied in the TbFe 2 target (table I) . Thanks to the growth conditions proposed in this work, we have managed to keep fixed the Fe content in the 73 at.%. The increase of the growth power in the TbFe 2 target from 50 W to 90 W modifies the Tb from 7 to 11 at.% as the Ga is reduced from 20 to the 16 at.% (table I) . When the atoms ejected from the targets arrive to the substrate, they suffer resputtering and reflection processes [29] [30] . All these processes can affect the composition of the layers because each type of atom can suffer a different resputtering or reflection phenomena. This fact can explain that the Tb-Fe-Ga ternary compounds have an Fe content of 73 at.% in spite of starting with targets with a lower Fe content.
We have analyzed the structure of the samples by means of x-ray diffractometry ( figure   1 ). We also present the diffraction pattern of a Mo layer deposited in the same way as the buffer and capping layers for a better analysis of the results. The peak at 2  73.68
corresponds to the reflection (211) of Mo. In the samples studied in this work, it is 5 observed a diffraction peak at 40.7 as also observed in previous works about Tb-Fe-Ga compounds with a Tb content  10 at.% [24] [25] . Although this peak is near the (110) of Mo, it is closer to that of the TbFe 2 being possible to correlate it to the latter structure (Fig. 1b) . In addition to the reflection at 40.7, XRD also evidences a second peak around 44. The theoretical value for -Fe is 2θ = 44.67, but it moves towards lower angles as Ga is introduced in the Fe lattice and it can appear at 2θ = 44.1 for a Ga content of 25 at.% [9] . In our samples, we find the -Fe (110) reflection below 44, which points to the formation of Fe 1-x Ga x alloys with a Ga content higher than 25 at.%.
The existence of this reflection indicates a disordered A2 phase with a (110) texture as generally observed in Fe-Ga thin films [12] [13] [14] [15] . It can also be observed that the position of this diffraction peak (related to Fe-Ga compounds) depends on the Tb content. It moves to smaller diffraction angles and decreases its intensity as it is raised the content of Tb in the samples (Fig. 1b) . These two effects can be explained by considering the introduction of Tb in the Fe-Ga matrix as recently reported by Ma et al. [20] . On one hand, the introduction of Tb in the Fe-Ga matrix increases its lattice parameter because of the larger atomic radius of Tb and on the other, the disorder promoted in the Fe-Ga matrix by the Tb introduction reduces the intensity of the diffraction peak related to the Fe-Ga alloys present in the samples. In bulk samples obtained by other preparation techniques it has been reported a solubility limit of 0.2 at.% for Tb in the A2 phase of Fe-Ga [22] [23] . In our compounds the Tb content is higher than that solubility limit, and in agreement with those reports, we observe a phase separation as indicated by the presence of diffraction peaks related to both Fe-Ga and Tb-Fe alloys. However, for a Tb content of 11 at.% (Tb 11 Fe 73 Ga 16 ), XRD only evidences the presence of one structural phase similar to TbFe 2 (Fig. 1b) as reported in previous works in which much higher Tb dopings are introduced [24] [25] . Therefore, the growth conditions proposed in this work enable to tune the structure of Tb x Fe 73 Ga 27-x (7 at.%  x  11 at.%) thin films from two separate phases, related to Fe-Ga and Tb-Fe alloys, to one phase similar to TbFe 2 as the Tb content increases from 7 at.% to 11 at.%.
We have analyzed the magnetic properties measuring the hysteresis loops with the applied magnetic field in and perpendicular to the sample plane (Fig. 2) . A sample will show PMA if two conditions are fulfilled: a) it is magnetically isotropic in the sample plane, i.e. there is no difference between the hysteresis loops measured at different angles between the in-plane magnetic field and the reference direction, and b) 6 the OOP direction is an easy axis in comparison to any direction in the sample plane.
Regardless of the composition, we have found that the OOP direction is not an easy axis in none of the studied samples ( Fig. 2) We can further analyze the evolution of the microstructure by means of FC curves. In materials systems comprised of heavy rare earths and magnetic transition metals it is observed a zero or a minimum value for the magnetization in the FC curves, generally denoted as the Compensation temperature (T Comp ), due to the antiferromagnetic coupling between these two type of atoms [34] . The presence of T Comp in our samples can only be due to the existence of Tb-Fe alloys and thus, it can be used to obtain information about them. Nevertheless, it is important to consider that the presence of any other ferromagnetic phase in the ternary compound has an additional effect on the magnetization curve. In the FC curves of our samples we observe a minimum or a change of slope that marks the position of the T Comp (Fig. 5a ) and we can infer information about Tb-Fe alloys from it. A not clear compensation point indicates the presence of another magnetic phase that in these compounds is related to Fe-Ga alloys. In any case, the T Comp is only due to the Tb-Fe alloys being possible to qualitatively determine their composition because the lower the T Comp , the lower the Tb content [35] . Therefore, the shift of the T Comp from 11 K to around 150 K shows the Tb 8 enrichment of the Tb-Fe phase present in the samples in agreement with the evolution of the microstructure towards one closer to the TbFe 2 as observed by XRD (Figure 1 ).
We have also performed hysteresis loops at low temperature (10 K). The coercivity in the layer with the highest Tb content is much higher with respect to the alloy with the lowest (fig. 5b ). This increase of coercivity can be taken as a further indication of a structure close to the TbFe 2 in the ternary compound with the highest Tb content as TbFe 2 exhibits a much higher coercivity than Fe-Ga [36] . Therefore, the growth conditions proposed in this work enable to obtain an OOP component of the magnetization in Tb-Fe-Ga thin films comprised of two separate phases. Nevertheless, it is enhanced as a microstructure closer to the TbFe 2 is developed upon the increase of Tb doping.
Conclusions
We have grown Tb x Fe 73 Ga 27-x (7 at.%  x  11 at. Experimental results indicate that this can be due to the development of a microstructure closer to the TbFe 2 . 
